N-doped ZnO films were prepared by annealing zinc oxynitride films deposited by rf reactive sputtering. Two Raman peaks were observed at 274 and 580 cm −1 . According to the variation of the integral intensity of these two peaks, the nitrogen activation at 500°C ͓the activation temperature ͑AT͔͒ has been obtained. Below the AT, the integral intensities of them show a different variation trend. X-ray photoelectron spectroscopy ͑XPS͒ indicates the N chemical state variation for them and finds the activated Zn-N bond. Further analyses by photoluminescence ͑PL͒ spectra and spectroscopic ellipsometry ͑SE͒ have been carried out. The activated sample exhibits a symmetric emission peak at 3.22 eV assigned to be the A 0 X emission at room temperature. SE investigation takes account of samples within the different temperature span divided by the AT. Different factors, such as nitrogen dopant ͑N͒ O and the nanocrystal growth, which affect the redshift of the absorption edges, have been discussed.
I. INTRODUCTION
Zinc oxide ͑ZnO͒ has been considered as an excellent material for ultraviolet light emitting diodes and lasers due to its band gap ͑3.37 eV͒ and large exciton binding energy ͑60 meV͒, which favors the high efficient room temperature ͑RT͒ excitonic emission. However, synthesizing p-type ZnO remains to be a serious challenge because of the selfcompensation effect induced by the presence of native donor defects such as oxygen vacancies ͑V O ͒ and zinc interstitials ͑Zn i ͒. Additionally, low dopant solubility 1 and the deep acceptor levels of the dopants may yield low carrier concentration, which makes the realization of p-type ZnO more difficult. Nitrogen is widely considered to be one of the most promising p-type dopants due to its similar size to oxygen and its resistance to forming AX centers. 2 Nitrogen could be incorporated either in atomic or molecular form. It is believed that the atomic one is preferred for achieving p-type doping. However, the high energy of the N ϵ N bond ͑ϳ9 eV͒ makes it difficult for its dissociation to achieve atomic form incorporation 3 by introducing N 2 into the traditional radio-frequency ͑rf͒ sputtering ambience. It results in the formation of a N 2 − molecule at an O site and therefore leads to the compensation rather than p-type doping as ͑N͒ O .
To overcome the crucial problem concerning with the low solubility of the N acceptors in ZnO, some works have been reported to investigate the thermal oxidation of Zn 3 N 2 . Li et al. 4 prepared p-type ZnO thin films by thermal oxidization of Zn 3 N 2 films and observed the structural transformation from Zn 3 N 2 to ZnO. Nakano et al. 1 synthesized ZnO:N films in the same way and systematically investigated the influence of annealing temperature on the electrical properties. In this study, we tried preparing Zn 3 N 2 film by introducing N 2 and Ar flows into the reactive ambience of rf sputtering. Due to the residual oxygen in the chamber and its high reaction activity with metal Zn, the oxygen is unintentionally incorporated into the film. As a result, the as-grown sample is estimated to be zinc oxynitride film. However, the high N 2 concentration in the chamber could reduce the formation energy and increase the solubility of the nitrogen dopant. 5 The ex situ oxidation annealing of zinc oxynitride films has been carried out to form polycrystalline ZnO film and adjust the nitrogen chemical states. Based on the investigations of zinc oxynitride films annealed at different temperatures, we found an activation temperature, which is consistent with other reports. 1, 6, 7 The Raman spectra and x-ray photoelectron spectra have been employed to identify the nitrogen activation temperature ͑AT͒. The optical properties have been investigated by photoluminescence ͑PL͒ spectra and spectroscopic ellipsometry ͑SE͒. This study could provide valuable optical information for the development of ZnO doped with nitrogen in the applications of optoelectronic and other optical devices.
II. EXPERIMENTAL PROCEDURES
The zinc oxynitride films were deposited on silicon substrate ͓͑100͔͒ by rf reactive sputtering. The Si substrate was cleaned in an ultrasonic bath with a mixed solution ͑NH 4 OH: H 2 O 2 :H 2 O 2:1:7, 25°C͒ for 15 min. Then the Si substrate was etched in a diluted hydrofluoric ͑HF 1%͒ to remove native SiO 2 and then washed using deionized water. A metallic zinc disk ͑99.999%͒ was used as the target. The sputtering chamber was evacuated to a base pressure below 4 ϫ 10 −4 Pa with a turbomolecular pump. Ultrapure ͑99.999%͒ Ar and N 2 gas mixtures were introduced into the chamber through a set of mass flow controllers with the flow rates of 15 and 15 sccm, respectively. During deposition, the working pressure in chamber was kept at 1.0 Pa with the substrate temperature kept at room temperature ͑RT͒ and the target-substrate distance maintained at 40 mm. About 270 nm thick films were produced by a 40 min deposition with the sputtering power of 100 W. Due to the oxygen residual in the chamber, the as-grown zinc oxynitride films were produced and then annealed in a tube furnace for 30 min at a temperature ranging from 300 to 800°C in an O 2 flow. The O 2 source is ultrapure ͑99.999%͒ oxygen gas with the flow rate of 50 sccm. The structure and surface morphology were studied by x-ray diffraction ͑XRD͒ with CuK␣ radiation ͑ = 0.154 06 nm͒ and atomic force microscopy ͑AFM͒, respectively. Chemical bonding states and composition of the films were measured by x-ray photoelectron spectroscopy ͑XPS͒ using an AlK␣ x-ray source. To investigate the local vibration modes affected by nitrogen incorporated into ZnO films, Raman scattering spectra were obtained using the 514.5 nm line of an Ar + laser. Photoluminescence ͑PL͒ measurement was performed at room temperature by the excitation from a 325 nm He-Cd laser to study the influence of N doping on the luminescence properties of ZnO films. The optical properties were further studied by SE. Figure 1͑a͒ presents the − XRD patterns of the films annealed at different temperatures. The XRD pattern of the as-grown znc oxynitride film is also shown at the bottom in Fig. 1͑a͒ . Only one diffraction peak around 34.03°is observed revealing a preferential orientation. Xiao et al. 7 observed a diffraction peak at 34.19°of zinc oxynitride films. The literature assigned this peak to the result of the ͑002͒ peak of ZnO ͑34.42°͒ mixing the ͑222͒ peak of Zn 3 N 2 ͑31.70°͒. 6, 7 In our case, the residual oxygen in the chamber during reactive sputtering would be advantageous to the ZnO wurtzite structure growth. The diffraction peak at 36.21°for the samples annealed at 700 and 800°C corresponds to the ZnO wurtzite ͑101͒. The nitrogen dopant as ͑N 2 ͒ O , other than ͑N͒ O , will make the lattice constants expand and will lead to a lower angle side shift of the ͑002͒ diffraction peak. 8 Since Zn-N bond length is somewhat smaller than the Zn-O bond length, the ͑N͒ O is not responsible for the larger lattice constants. 9 On this viewpoint, it is suggested that the most possible nitrogen state in the wurtzite structure is ͑N 2 ͒ O . The strains in the films could shift the XRD peak to the lower angle direction as well. As for the sample annealed at 300°C, the main peak shows an obvious higher angle side shift to 34.30°, close to the bulk ZnO of 34.42°, indicating a transformation to improved wurtzite structure. Although the N escaping happens right at the beginning of the annealing temperature at 300°C, the suggested ͑N 2 ͒ O has induced its lower diffraction peak position and a larger lattice parameter d value. 8, 10 When the films were annealed at the temperature above 300°C, the ͑002͒ peak shows a right shift, implying further nitrogen escaping and better crystallization. The grain size d of the films was calculated using the Debye-Scherrer formula:
III. RESULTS AND DISCUSSION
where B is the FWHM in radians, is the Bragg diffraction angle, and d is the average grain size. As illustrated in Fig.  1͑b͒ , the changes of the estimated grain size and the peak position of the preferentially oriented ͑002͒ peak indicate that the crystal quality improves as the temperature increases. Local vibration modes of nitrogen in ZnO:N films have been observed via Raman spectra, as shown in Fig. 2 . The spectrum of the substrate is also measured for comparison. According to the selection rules, both E 2 and A 1 ͓longitudinal optical ͑LO͔͒ modes are expected in Raman spectra when the experiments are taken in a backscattering geometry. 6 The peak at 437 cm −1 corresponds to the high-frequency E 2 mode, which is characteristic of the wurtzite structure. The other two peaks can also be observed at 274 and 580 cm −1 , which are considered to be from the nitrogen-related local vibration modes. 11 Du et al. 12 have argued that the A 1 ͑LO͒ mode at 580 cm −1 was the result of the host-lattice defects rather than the N-related local vibration modes. In Fig. 3 , there is a borderline ͑AT͒ above which the integral intensity of these two peaks truly shows a similar variation trend. 6, 7 FIG. 1. ͑Color online͒ ͑a͒ The − XRD patterns for the as-grown zinc oxynitride film and the samples annealed at 300, 400, 500, 600, 700, and 800°C, respectively. ͑b͒ The main peak position and estimated grain size for the different temperature annealed sample.
What attracts us is that the specific variation trend of these two peaks below the AT is different, which could be consistent with the conclusion of Du et al.
Taking account of the integral intensity variation in Fig.  3 for the peaks of interest, upon annealing below the AT, the N escaping has weakened the 274 cm −1 Raman peak. Meanwhile, the recrystallization of ZnO:N film has not reached the eventual accomplishment through such low temperature annealing. During this process, the crystalline disorder of the sample originating from the structure transformation and recrystallization would increase the host-lattice defects 6 and correspondingly strengthen the 580 cm −1 Raman peak. When the annealing proceeds at the AT, the observed increase of 274 cm −1 peaks would be ascribed to the N-activation process. 6, 7 The experiment of Nakano et al. 1 has indicated that large amounts of point defects and grainboundary defects appeared accompanying the N activation, which is responsible for the increase of 580 cm −1 at the AT in our case. Annealing above the AT will lead to the N continuative escaping, the annihilation of the point defects, and better crystallization of the films. As a result, these two Raman peaks of our interest decrease to the extent that they are unperceivable.
In addition to the structural analyses mentioned above, a further investigation into the characteristics of the chemical bonding states is necessary. The ex situ XPS measurements were carried out. C peak, O-H, and N-H related peaks were observed in the XPS spectra. No Ar + etching was performed because the ZnO:N films would be easily denitrified by bombardment of Ar + . 13 The binding energies have been calibrated by centering the adhesive carbon 1s peak at 284.6 eV. Figure 4 shows the O 1s XPS spectra for the 300, 500, and 700°C annealed ZnO:N films named samples A, B, and C, which can represent the sample at different temperature spans: below the AT, at the AT, and above the AT. The O 1s spectra could be consistently fitted by two Gaussian curves. As illustrated in Fig. 4 , the high binding energy component P2 located at about 532 eV is usually attributed to the presence of loosely bounded oxygen on the surface, belonging to the specific species, such as −CO 3 , adsorbed O-H, or adsorbed O 2 . 7 The lower binding energy component P1 around 530 eV is ascribed to the O-Zn bond. 13, 14 The integral intensity ratio of P1/P2 increases with the increase of the annealing temperature, indicating the enhanced resistance to the moisture for the higher-temperature-annealed sample because of the increased packing density caused by annealing. 15 The N 1s XPS spectra for the 300, 500, and 700°C annealed samples are shown in Figs. 5͑a͒-5͑c͒, respectively. It is suggested that N could exist as substitutional diatomic molecules, such as NO, NC, and N 2 on the oxygen site in ZnO wurtzite structure. 16 13 The peaks around 399 eV for those three N 1s spectra have been assigned to the overlap of the N-H component 6 and the C-N component. 18 The H and C incorporation are unintentional and may be due to the H and C residual in the chamber. We think that chemical state of N for the as-grown sample is similar to the 300°C annealed sample because the nitrogen activation has not occurred at low temperature according to the Raman spectra, except for the escape of partial nitrogen. In this regard, we suggest that the chemical states of N dopant should mostly be N-C, N-H, and ͑N 2 ͒ O in the as-grown and low temperature ͑below the AT͒ annealed samples. Xiao et al. have observed that the ͑N͒ O could easily be passivated by N-H bond. 7 These substitutional diatomic molecules may lead to a larger lattice parameter d value and lower energy side shift, 16 consistent with the illustration by XRD. In Fig. 5͑b͒ , the N has been provoked at the AT where two peaks around 395.03 and 398.30 eV appeared. It is suggested that the peaks around 395.03 and 398.30 eV should be due to the polarized triply bounded CN 19 and newly activated N-Zn bond, 7, 20 respectively. The triply bounded CN may come from the N-C and the specific process is unclear. However, the identification of nitrogen activation by XPS is in good agreement with the Raman spectra analysis. The thermal annealing will easily induce N escaping as N 2 bubbles 21 and eliminate the passivation effect of the H. 7 The possible reactions related to the nitrogen are as follows:
For sample A, only the reaction ͑1͒ happens below the AT, while for sample B, both the reactions ͑1͒ and ͑2͒ happen at the AT. The reaction ͑2͒ could make part of N to be activated as a metastable N-Zn bond. 21 For sample C, the reactions of ͑1͒-͑3͒ proceed at the temperature above the AT and exhaust the activated nitrogen. From sample A to sample C, the FWHM of the 399 eV feature shows a decrease trend: 2.47, 1.73, and 1.53 eV, which may be attributed to the exhausting of the N-H component around 399 eV as reactions ͑2͒ and ͑3͒. The residual 399.4 eV feature for sample C would be from the stable ͑NC͒ O because of its relatively high stability. 16 It should be noted that the sample C shows a N 1s peak at 406.15 eV. The most possible origination of this peak is N-O in NO 3 2− ͑nitrate͒ induced by the high temperature oxidization. 22 In addition, the redshift of the binding energy of ͑N 2 ͒ O may be due to the enhancement of the symmetry of the ZnO films by annealing. 7 As we have suggested that the structure and nitrogen chemical states in the films should be affected by the different-temperature annealing, we go further to study the temperature dependence of the optical properties. In Fig. 6 , the photoluminescence ͑PL͒ spectra of the films annealed at 300, 400, 500, 600, 700, and 800°C have been illustrated. Note that the PL intensities are normalized to be between 0 and 1. Each of the PL profiles has been multiplied by a factor shown in Fig. 6 . The 300°C annealed sample shows a strong ultraviolet emission band at 3.30 eV relative to the recombination of free exciton ͑FX͒. 4, 23 A shoulder at the low energy side is observed, which is assigned to be the overlap of the free exciton and different bound excitons ͑donor-bound excitons D 0 X, acceptor-bound excitons A 0 X, donoracceptor pair D 0 A 0 ͒ for the ZnO:N films. 6, 24 From the 300°C to the 400°C annealed sample, the obvious uptake of the lower energy side shoulder is ascribed to the generation of the point defects. This phenomenon is consistent with the increase trend of 580 cm −1 Raman peaks in Fig. 3 . After the 500°C annealing, the FX emission component in the PL spectra decreases, becoming unperceivable. The near bandedge emission ͑NBE͒ shows a nearly symmetric peak located at 3.22 eV with a FWHM of 180 meV. The position of 3.22 eV is close to the reported value 3.24 eV for the A 0 X emission at room temperature, 4 which confirms the nitrogen to be activated to ͑N͒ O at 500°C. The ͑N͒ O serves as a relatively shallow acceptor in ZnO film. 24 However, its large FWHM and the disappearance of the FX emission have indicated the increase of the other point defects ͓except ͑N͒ O ͔ accompanying the nitrogen activation. The nonradiative recombination induced by these point defects may have suppressed the FX emission, resulting in the relatively weak intensity of the NBE. ͑The bigger factor multiplied in Fig. 6 means weaker original PL intensity. 25 ͒ By the way, the fairly sharp peaks above 3.4 eV of the spectra annealed at 500 and 600°C originate from the resonance Raman signal. Above the AT, the annealing has induced the enhancement of FX emission and the decline of the lower energy side shoulder because of the decrease of the zinc interstitials and oxygen vacancies. 26 Higher temperature benefits the better crystallization of ZnO:N films and, moreover, induces the point defects annihilation as the follows:
FIG. 6. ͑Color online͒ Room temperature PL spectra of films annealed at 300, 400, 500, 600, 700, and 800°C. The intensities of them have been normalized to be between 0 and 1.
͑5͒
For the 800°C annealed sample, a FX peak located at 3.28 eV can be observed with the FWHM of 78 meV. The most enhanced FX emission confirms the best ZnO crystallization, as discussed by XRD profiles in Fig. 1͑a͒ . By comparing the FX peak position for the 300°C annealed sample at 3.30 eV with that for the 800°C annealed sample at 3.28 eV in Fig.  7 ͑except unperceivable FX emission at 500°C͒, we can find that the FX peak undergoes a slight redshift as temperature increases from 300 to 800°C, which is assigned to the increase of ZnO nanocrystal size with the increase of temperature. 6 On all accounts, the variation of the point defect in the annealed films could be demonstrated both by the PL spectra and the Raman spectra by which the largest amounts of point defects have been shown at 500°C.
Futsuhara et al. 18 have observed a redshift of optical band gap E g for the N-doped ZnO, which they assigned to the decrease in ionicity caused by the formation of Zn-N bonds. It is also reported that the N doping always reduces the optical band gap because of mixing of N 2p states and O 2p states. 27, 28 Apparently, for a thermally annealed ZnO:N film, the absorption edge has been influenced both by the N dopant and the thermal process. In order to shed light on the different roles of the N dopant and the thermal process on the optical properties, an ex situ phase modulated spectroscopic ellipsometry ͑UVISEL Jobin-Yvon͒ has been employed to analyze the optical properties in the visible ultraviolet ͑UV͒ spectral region of 1.5-6.5 eV with the angle of incidence 70°. The main benefits of the SE are to investigate the optical response of materials without any destruction and, particularly, to extract the thickness values and the optical constants of multilayer system concurrently. In this work, a TaucLorentz ͑TL͒ mode is used to fit the experimental spectroscopic data, as is shown below:
Equations ͑6͒ and ͑7͒ as functions of the photon energy E are defined by five parameters: A ͑transition matrix element, related to the film density͒, E 0 ͑peak transition energy͒, C ͑broadening term͒, and E g ͑optical band gap͒, which all have the energy unit, and ϱ ͑high frequency dielectric constant͒, where P denotes the Cauthy principle part of the integral. These TL parameters, together with the layer thickness in the least-squares fit procedure, minimize the biased estimator 2 defined as goodness-of-fit.
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A four-layer model is used to extract the optical constants of the films as shown in Fig. 7 ͑inset͒. The substrate layer is Si͑100͒, whose optical constants are taken from the literature and are not allowed to vary during the fit. The interfacial layer is an effective medium approximation layer that may be composed of SiO 2 , ZnO, or nonstoichiometric zinc silicate. 29 The ZnO:N film layer is a homogeneous layer, and the rough layer is assumed to consist of voids and ZnO:N. An atomic force microscopy ͑AFM͒ measurement also has investigated the root-mean-square ͑rms͒ value to evaluate the accuracy of the best fitting results. For each sample, the five TL parameters and the film thickness are determined by least-square fitting their experimental data. Table I lists the TL parameters along with the best fitting residual 2 . As shown in Fig. 7 , the profiles correspond to the experimental ͑circles͒ and fitted ͑solid lines͒ spectra for a representative 300°C annealed ZnO:N film ͑sample A͒. From these figures, it can be observed that an excellent agreement between the experimental and fitted spectra for the ZnO:N films has been attained, indicating that the optical constants of the films can be exactly determined by the best fitting results. The spectra of the 500°C annealed sample ͑sample B͒ and 700°C annealed sample ͑sample C͒ are similar profiles ͑not shown here͒. It has been reported that the rms values from AFM measurement are half the thickness values of the surface-roughness layer, 29 which is confirmed in Table II . By comparing the rms with the thickness of the surface-roughness layer in Table II , the accuracy and rationality of the TL fitting could be estimated. The maxi- FIG. 7 . ͑Color online͒ The best fitting spectra between the experimental ͑circles͒ and fitted ͑solid lines͒ spectroscopic ellipsometry data for 300°C annealed ZnO:N. The inset shows the schematic structure of four-layer stack model. 30 The consistency between the large A value and the high packing density has been observed in previous works. 28, 31, 32 The parameter A values of 187, 241, and 283, as shown in Table I , demonstrate a rising trend, meaning that the packing density has been enhanced by the annealing. However, the refractive index n ͑including different n ʈ and n Ќ ͒ for ZnO film with anisotropic wurtzite structure could not obtained through a single incidence of angle SE measurement in our case. 33, 34 Except for the anisotropy, the refractive index n strongly depends on impurities, imperfection incorporated during growth process, polar bonds in the films, and packing density. 28, 31, 33 For example, both evolution of the C-axis preferential orientation and the N dopant will contribute to the variations of the refractive index n. 35 Compared with distinguishing the refractive index n ʈ and n Ќ , it is easier to estimate the optical band edge independent of anisotropy using the extinction coefficient spectra. Figure  8͑a͒ shows the extinction coefficient k calculated from the extracted best-fitted parameters as listed in Table I . The k spectra have been used to derive the absorption coefficient by ␣ =4k / . The photon energy dependence of the absorption coefficient near the UV edge is employed to determine the band structure. The optical energy gap ͑E g ͒ was estimated by assuming a direct transition between valence and conduction bands from the expression ␣h = A͑h − E g ͒ 1/2 . Here, hv denotes photon energy and A denotes a constant. We determined E g by extrapolating the linear portion to ␣h = 0. In this case, E g values for samples A-C are determined in Fig. 8͑b͒ to be 3.33, 3 .25, and 3.28 eV, respectively, close to the reported optical band gap of ZnO films in the literature. 18, 36 The extracted parameters E g of 3.173, 3.152, and 3.165 eV in Table I are less than the values obtained in Fig. 8 , although they show a similar variation trend. This is because the parameter E g is determined by the crossing point of ␣h = A͑h − E g ͒ 1/2 and ␣h = 0, which is related to the Urbach tail near the band edge. 36 As for the direct band gap transition, the FX emission could be estimated by h = E g − R * , where E g is the optical band gap and R * is the exciton binding energy. Accordingly, the band gap variation could also be compared with the position of the FX emission. 37 The E g extracted from the absorption edge is in good agreement with the photon energy of the FX emission in the PL spectra, considering the experiment error. A redshift of the FX emission from sample A to sample C has been observed, confirming the redshift of the band edge for them in Fig. 8 . Compared to sample A, the redshifts of samples B and C are dominated by different factors. Sample B has the activated nitrogen incorporation and bigger grain size compared to sample A. The ͑N͒ O in sample B, other than the dominating nitrogen chemical state ͑N 2 ͒ O in sample A, could provoke the mixing of N 2p states and O 2p states. 27, 28 Additionally, the increase in grain size could induce the redshift of the band edge as the quantum confinement effect. 6, 31 As for sample C, the nitrogen content is the minimum in these three samples, and no ͑N͒ O has been observed by XPS. The redshift of its band edge is mainly ascribed to the increase of ZnO nanocrystal size upon higher-temperature annealing. Taken together, the redshift of sample B is attributed to N-metal bond formation and the size increase of the nanocrystal, but that of sample C is mainly related to the latter. This interpretation can explain the different extent of redshift in samples B and C in Fig. 8͑b͒ , as compared to sample A, that is, the redshift for sample B determined by two factors is more perceivable.
IV. CONCLUSION
In conclusion, the N-doped ZnO films were prepared by annealing sputtered zinc oxynitride film. According to the XRD and Raman profiles, the ZnO:N films were determined to be polycrystalline with ZnO wurtzite structure, which has been evolved by the annealing temperature. Based on the variation of the integral intensity of two Raman peaks at 274 and 580 cm −1 , the nitrogen activation temperature has been deduced to be 500°C. Below the AT, the integral intensities of them show different variation trends, which supports that the Raman peak at 580 cm −1 originates from the host-lattice defects generated by the N dopant rather than the N-related local vibration modes. The XPS spectra found diatomic molecule states for the doped N and unintentionally doped C as ͑N 2 ͒ O , ͑NH͒ O , and ͑NC͒ O , and further confirmed N activation at the AT, where the N-Zn bonds have been detected in N 1s spectra. In the PL spectra, the sample at the AT exhibits a symmetric room temperature NBE peak at 3.22 eV, which is assumed to be the ͑N͒ O A 0 X emission, and its low intensity, which is due to the point defects caused by the activation. SE investigation has been employed to analyze the optical properties of samples within the temperature span below, at, and above the AT. The TL formula has been employed to fit the experimental data. The redshifts of the optical band edge have been attributed to different factors, such as nitrogen dopant and the grain growth. Eventually, the high temperature oxidative annealing treatment could be used to adjust the N chemical states and optical properties.
